The Rho/ROCK pathway is involved in numerous pivotal cellular processes that have made it an area of intense study in cancer medicine, however, Rho-associated coiled-coil containing protein kinase (ROCK) inhibitors are yet to make an appearance in the clinical cancer setting. Their performance as an anti-cancer therapy has been varied in pre-clinical studies, however, they have been shown to be effective vasodilators in the treatment of hypertension and post-ischaemic stroke vasospasm. This review addresses the various roles the Rho/ROCK pathway plays in angiogenesis, tumour vascular tone and reciprocal feedback from the tumour microenvironment and explores the potential utility of ROCK inhibitors as effective vascular normalising agents. ROCK inhibitors may potentially enhance the delivery and efficacy of chemotherapy agents and improve the effectiveness of radiotherapy. As such, repurposing of these agents as adjuncts to standard treatments may significantly improve outcomes for patients with cancer. A deeper understanding of the controlled and dynamic regulation of the key components of the Rho pathway may lead to effective use of the Rho/ROCK inhibitors in the clinical management of cancer.
Cancer is one of the leading causes of death worldwide, accounting for 8.2 million deaths in 2012 (Ref. 1) . Although therapies for advanced stage malignancy are improving, the therapeutic options for patients are limited and often inadequate. In general, efficacy of chemotherapeutic agents is limited by adverse effects caused by their activity on normal tissues. Therefore, adjunctive treatments which specifically improve the delivery of cytotoxic therapies to the tumour may be of high value. Further, the efficacy of adjunctive therapies needs to be examined with regard to the effects on both tumour cells and the surrounding microenvironment.
The Rho/Rho-associated coiled-coil containing protein kinase (ROCK) signalling pathway plays a critical role in a range of diseases including those of the central nervous system and the cardiovascular system (e.g. spinal cord injury, vasospasm, hypertension, atherosclerosis and myocardial hypertrophy) (Refs 2, 3, 4). In cancer, over-expression of ROCK induces migration and invasion in vitro and in vivo (Refs 5, 6) . Its involvement in cellular proliferation, cell shape and motility, tumour progression and metastasis (Ref. 7) make it an attractive target in cancer medicine. However, the full potential of ROCK inhibitors as anti-cancer therapies may not have been fully examined. The effects of the Rho/ROCK pathway on the vascular system have been extensively studied in the treatment of vascular disorders. Inhibition of Rho signalling within the hypoxic and abnormal tumour vasculature may lead to an improved anti-tumour efficacy of cytotoxic agents through the normalisation of the vascular supply to tumours (Ref. 8) . Moreover, the effects of ROCK inhibition on other key components of the tumour microenvironment, including activated (myo)fibroblasts, immune cells and extracellular matrix (ECM), may have an additional therapeutic value (Refs 9, 10, 11). This review summarises our current understanding of the diverse and complex roles of aberrant Rho/ROCK signalling in tumour development and progression, highlighting new avenues for the utilisation of ROCK inhibitors as anti-cancer therapy, increasingly in the context of modulating the tumour microenvironment.
Key components of the Rho/ROCK pathway
The Rho family of small GTPases regulate a diverse array of cellular processes, including cytoskeletal dynamics, cell polarity, membrane transport and gene expression, which are integral for the growth and metastatic potential of cancer cells (Ref. 7) . The three best characterised members of this family are Rho (A, B and C), Rac (1, 2 and 3) and Cdc42 (Ref. 7) . They cycle between a GTP-bound active state and GDP-bound inactive state which is mediated by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs), as illustrated in Figure 1 17) . In addition, through interaction with various well characterised pathways, including the phosphoinositide 3-kinase, focal adhesion kinase, Src, LIM domain kinase (LIMK) and mitogen-activated protein kinase/Erk protein networks, Rho GTPase activation ultimately leads to actin cytoskeleton remodelling, increased cell motility, changes in proliferation and cell survival (Refs 10, 18, 19, 20) . ROCK, a downstream effector of Rho, phosphorylates MYPT1, the targeting subunit of myosin phosphatase, resulting in decreased myosin phosphatase activity and thereby increased phosphorylation of the regulatory myosin light-chain 2 (MLC2) protein (Ref. 21) . Both ROCK/MYPT1/MLC2 and ROCK/LIMK/ cofilin signalling axes are heavily involved in stress fibre assembly, cell adhesion and motility (Fig. 1) . Further, the ROCK family contains two members, ROCK1 and ROCK2, which share 65% overall identity and 92% identity in the kinase domain (Ref. 22) and are thus believed to also share more than 30 . 8) . Treatment of glioblastoma xenografts with an anti-VEGF receptor (VEGFR) 2 monoclonal antibody resulted in a significant reduction in tumour hypoxia on day 2, with maximal reduction on day 5. By day 8, tumour hypoxia had started to increase. Further, radiation therapy produced a synergistic effect when given on days 4-6. This suggests that after VEGFR blockade, there is an initial increase in tumour oxygenation during which, the effects of radiotherapy are increased, but importantly with continual VEGFR blockade, the tumour becomes hypoxic again and the synergism with radiation is lost. Several randomised trials have shown that the addition of bevacizumab to chemotherapy and radiotherapy improves progression free survival in patients with central nervous system malignancies (Refs 93, 94) and a phase I trial specifically testing the vascular normalisation strategy has shown this holds considerable promise in patient care (Ref. 95) . Here, patients with rectal cancer receiving RHO-ASSOCIATED KINASE SIGNALLING AND THE CANCER MICROENVIRONMENT neoadjuvant chemotherapy plus radiation were exposed to the VEGF inhibitor, bevacizumab. Interestingly, bevacizumab treatment led to normalisation of the tumour vasculature, increased tumour cell apoptosis and resulted in a complete pathological response in two patients (Ref. 95) . Therefore, it would be interesting to examine whether Rho/ROCK pathway inhibitors may prove effective vascular normalising agents, increasing efficacy of cytotoxic therapies by modulating key components of the VEGF signalling pathway. However, the transient nature of vascular normalisation means that the window of opportunity for drug delivery is temporary, may be difficult to predict and therefore apply in the clinical setting. These issues are yet to be systematically examined. demonstrated that treatment combining low-dose Cilengitide, an αvβ3/ αvβ5 integrin receptor inhibitor, with a calcium channel blocker, Verapamil, significantly improved efficacy of chemotherapeutic, gemcitabine, in in vivo models of lung and pancreatic cancer. In the same study, detailed analysis of pre-and post-treatment material revealed that the cyclical administration of the dual vascular modulator-chemotherapy combination led to increased tumour vascular function and intratumoural drug delivery while reducing hypoxia and desmoplasia in these models. Finally, by comparing the ability of capillary ECs isolated from normal versus tumour microvasculature to sense and respond to physical cues in their ECM, Ghosh et al. (Ref. 105) demonstrated that tumour-derived ECs exhibit different sensitivities to various mechanical cues in vitro and that these abnormal responses, which may be implicated in the loss of normal structure in the tumour microvasculature, are because of aberrant and increased Rho signalling.
Rho/ROCK inhibitors as provascular agents
With this in mind, exploration of the vasodilatory effects of ROCK inhibitors in cancer may be an interesting treatment approach. ROCK inhibitors reduce vasospasm via reduction in smooth muscle contraction and down-regulation of endothelial nitric oxide synthase, leading to their use in the treatment of ischaemic stroke (Ref. 30) , with significant efficacy in reducing post stroke cerebral vasospasm and an acceptable side effect profile. Importantly, no statistically significant differences in the side effects reported by patients were observed when fasudil was compared with placebo. ROCK inhibitors have been shown to normalise smooth muscle contraction and suppress vascular lesion formation, making them a therapy of interest in hypertension, pulmonary hypertension, hypertensive vascular disease and ischaemic heart disease (Refs 3, 4). It is therefore plausible to hypothesise that Rho/ ROCK inhibitors may act as provascular agents, improving tumour blood flow and increasing exposure of cells to chemotherapy and/or sensitising cells to the effects of radiation (Fig. 2) . However, as outlined for vascular normalisation, the timing and dosing of provascular agents are likely to be critical in determining success and this concept is yet to be systematically examined.
Rho/ROCK signalling within the complex tumour microenvironment
The dynamic and complex interplay between tumour cells, stromal cells and the ECM affect cancer initiation, progression, metastasis and also, chemoresistance (Refs 106, 107). Recent data indicate that carcinogenesis and tumour angiogenesis result not only from the interaction of cancer cells with ECs of various origin (as discussed above), but that surrounding 'normal' stromal and inflammatory cells also have a crucial role in directing the formation of the blood vessels that nourish a developing tumour (Ref. 108 ). In addition, loss of normal tissue homeostasis during tumourigenesis initiates a stromal remodelling cascade which leads to fibroblast activation (i.e. myofibroblasts/cancer-associated fibroblasts or CAFs) and production of biomechanically and biochemically Further work in breast cancer has shown that breast cancer cells grown in a 3D floating matrix differentiate into tubular structures, however if the same matrix is attached to the dish, the cells do not differentiate, but proliferate and spread (Ref. 116) . In the same study, differentiation could be disrupted by increasing the density of the matrix. Interestingly, it was also shown that tubulogenesis required contraction of the 3D matrix which was dependent on the Rho/ROCK pathway and that RhoA activity was down-regulated in differentiated cells (Ref. 116) . Subsequently, p190RhoGAP-B was shown to mediate down-regulation of RhoA activity and inhibition of ductal morphogenesis. RhoA activity was reduced at cell-cell adhesions versus activity at cell-ECM adhesions (Ref. 117) . These studies highlight the important role the Rho/ROCK pathway has in how cancer cells interact with their environment, and how this environment in turn, affects tumour cell behaviour.
The stromal compartment of tumours has long been thought to contribute to the aggressive phenotype of cancers, and CAFs have been found to provide tumour cells with proliferative and anti-apoptotic signals affecting angiogenesis and ECM remodelling. 
Non-small cell lung cancer In addition to their effects on tumour cell proliferation and motility, ROCK inhibitors modulate angiogenesis and vascular tone and thus could potentially improve the delivery and efficacy of chemotherapy or other novel targeted agents ( Refs 29, 34, 47) . The Rho/ROCK pathway is also important in regulating the dynamic cross-talk between tumour cells and their microenvironment which may also be therapeutically exploited to inhibit metastasis formation. Finally, the therapeutic potential of ROCK inhibitors as an adjunct to cytotoxic chemotherapy is yet to be systematically examined.
As differences in the activation of the two ROCK isoforms have been reported in cardiovascular or CNS disorders, with ROCK1 implicated as the predominant mechanism for the hypotensive effects of pan-ROCK inhibitors, one could hypothesise that there may be isoform-specific regulation of cancer cell behaviour, interactions within the tumour microenvironment and control of carcinogenesis and metastasis. From this, targeting ROCK2 could potentially lead to less toxicity compared with pan-ROCK inhibition. Attempts to produce more specific and clinically suitable ROCK inhibitors are ongoing, with increased focus on isoform-specific targeting (Ref. 128) . On the other hand, given that tumours are highly adaptive and rapidly acquire resistance when exposed to therapy, hitting multiple oncogenic signalling nodules or hallmarks of cancer with non-isoform selective ROCK inhibitors, may overall represent a more effective treatment strategy, as recently highlighted by Hanahan D (Ref. 63) .
Further understanding of Rho signalling in the various tumour compartments will determine whether the inhibitors of this complex pathway may serve as effective treatments for newly diagnosed or recurrent tumours and will establish the optimum combinations with radiation, cytotoxic chemotherapy, and other targeted molecular compounds. Importantly, these agents may improve the delivery of chemotherapy to the tumour, perhaps enhancing efficacy, reducing the effective dose required or overcoming some mechanisms of chemoresistance.
Research in progress and outstanding research questions
This review highlights a number of avenues for further research when examining the clinical utility of ROCK inhibitors to treat cancer. Some interesting areas of research include closely examining how the Rho/ ROCK pathway is implicated in tumour stromal signalling, particularly in cancers where tumour stroma is highly prominent such as pancreatic cancer. Studying the stroma for potential biomarkers of tumour response may provide additional important insights rather than solely focusing research on the tumour itself. State of the art molecular imaging techniques such as Forster resonance energy transfer (FRET) imaging can provide relevant information into the dynamic and spatiotemporal regulation of cell signalling behaviour under physiological and disease conditions. Transgenic mice expressing Rho GTPase FRET biosensors will provide detailed knowledge of the normal physiological roles this pathway plays at the cellular level. In addition, crossing these mouse strains with other disease models will allow us to examine, in an intact 3D system, how this pathway is involved in cancer initiation, progression, chemotherapy responsiveness and chemoresistance mechanisms. This knowledge will allow further biomarker development, examination of the effects of ROCK inhibition in primary versus metastatic lesions and in pre-cancerous lesions.
ROCK inhibitors have yet to make an appearance in the clinical setting to treat patients with cancer. They have been shown previously to have an acceptable side effect profile when used to treat post cerebrovascular accident vasospasm, but these patients had a short, continuous infusion and were monitored in intensive care. Patients with cancer will need long term exposure and ideally, take an oral preparation. Before trials examining the anti-cancer effects of these drugs can RHO-ASSOCIATED KINASE SIGNALLING AND THE CANCER MICROENVIRONMENT be planned, further phase I studies need to be conducted to determine the most appropriate dosing schedule and with chronic dosing in mind. Protracted infusion with a pump, such as that used for 5-fluorouracil in the oxaliplatin, 5-fluorouracil and folinic acid (FOLFOX) chemotherapy combination for colon cancer is possible, but could potentially considerably increase the cost of the treatment as well as patient morbidity. Hypotension is the most predictable side effect for patients (Ref. 30) , and it may mean that elderly patients would be less likely to tolerate this drug well, which could be an issue in the management of pancreatic cancer. In our pre-clinical trials laboratory, our early data indicate that mice are able to tolerate a daily, oral preparation of a ROCK inhibitor and this is associated with measurable anti-tumour effects. Further systematic in vivo studies are needed to exactly predict the optimal sequence of administration of these drugs in conjunction with chemotherapy or other targeted therapeutics.
An interesting challenge remains in determining which Rho GTPase family members are the most promising druggable targets and how significant the beneficial effects of targeting this signalling network, in combination with other targeted agents and/ or conventional chemotherapeutics, will be. Further studies are necessary to accurately ascertain the effects this pathway has in cancer and in cancer stroma and if possible, identify potential biomarker(s) of response. Refining exactly which patients are most likely to benefit and which combinations dosing schedules are most effective is the key goal for further research.
